D
ramatic increases in the incidence of inflammatory bowel disease (IBD) in the developed world point toward alterations in the microbial environment, including changes to the gut microbiota (1) and decreased exposure to intestinal parasites such as helminths (2) . Evidence supporting a central role of the microbiota in the pathogenesis of IBD has led to a growing interest in defining the symbiotic relationship between the host and specific microbial species (3) . In insects, symbiotic relationships can develop to defend against environmental hazards (defensive symbiosis) (4) ; this concept may be applicable to host-microbiota interactions. For example, specific bacterial taxa found within the human gut microbiota probably mediate resistance to antibiotic-associated diarrhea caused by Clostridium difficile (5) . The loss of beneficial members of the microbiota potentially contributes to chronic inflammatory diseases. Additionally, helminths and the gut microbiota have coevolved with their mammalian
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hosts, but the mechanisms of these interactions and the consequence of decreased exposure to intestinal helminths remain unclear. We find that helminths can reduce intestinal inflammatory responses by promoting expansion of protective bacterial communities that inhibit proinflammatory bacterial taxa. We previously reported that mice deficient in Nod2 develop several small intestinal (SI) abnormalities, in a manner dependent on a ubiquitous member of the gut microbiota, Bacteroides vulgatus (6) . Consistent with the specific association between human NOD2 variants and ileal Crohn's disease (7) , an IBD that affects the small intestine, the most notable abnormality was a SI goblet cell defect that resulted in a compromised mucus layer, allowing sustained colonization by B. vulgatus. We found that chronic infection of Nod2 −/− mice with the parasitic worm Trichuris muris restored SI goblet cell numbers and morphology (Fig. 1, A Fig. 2C and fig. S5E ). Nod2 −/− mice infected with T. muris displayed a dominant T H 2 response characterized by a >10-fold increase in IL-13 + CD4 + T cells in the lamina propria (Fig. 2 , D and E, and fig. S5 , F and G). We confirmed these results with a second helminth, Heligmosomoides polygyrus, which induced an even greater T H 2 response compared with T. muris, perhaps reflecting the distinct anatomical niches of these parasites ( fig . S6E ). RNA sequencing (RNA-seq) analysis of intestinal tissues from rIL-13-treated Nod2 −/− mice revealed a wound-healing response characterized by expression of M2 macrophage genes (Fig. 2M, fig. S6F , and table S1). These results are consistent with the anti-inflammatory role of M2 macrophages in the gut (8, 9) and help to explain how helminth infection ameliorates the exacerbated intestinal injury response in Nod2 −/− mice.
These results do not contradict the regulatory response induced by H. polygyrus in the colon (9, 10), because type 2 immunity and regulatory T cells can function concurrently to reduce inflammation (11) . The reduction of B. vulgatus in the presence of helminths could be mediated indirectly through alterations to the gut microbiota downstream of the type 2 response. Cohousing mice allows for coprophagic transmission of microbial populations without transfer of parasites, because the worms are not sexually mature until~35 days postinfection and eggs require several weeks for germination (12) . We found that uninfected Nod2 −/− mice cohoused with T. muris-infected Nod2 −/− mice showed a similar decrease in B.
vulgatus colonization (Fig. 3A and fig. S8A ). This reduction in B. vulgatus levels was not observed in uninfected Nod2 −/− mice when they were instead cohoused with T. muris-infected WT mice ( fig. S8 , B and C). 16S ribosomal DNA sequencing analysis of stool samples indicated that the alterations to microbial community compositions are different for T. muris-infected WT and Nod2 −/− mice (Fig. 3B) , which may reflect different intestinal responses between WT and Nod2 −/− mice (Fig. 2E) . Whereas infected WT mice have reduced alpha diversity, as previously reported (13, 14) , Nod2 −/− mice increased their alpha diversity at day 21 postinfection (fig. S8D ).
The most significantly reduced bacterial taxa in infected Nod2 −/− mice were the Prevotella and
Bacteroides genera (belonging to the order Bacteroidales), and the Lachnospiraceae family of the order Clostridiales was the most significantly increased (Fig. 3C) . The increase in Clostridiales was less evident in WT mice (Fig. 3B) , which potentially explains why cohousing Nod2 −/− mice with T. muris-infected WT mice was not effective in reducing the B. vulgatus burden. The expansion of Clostridiales was also observed in the stool of uninfected Nod2 −/− mice treated with rIL-13 or rIL-4 ( Fig. 3D and fig. S8E ). The expansion of Clostridiales was even more pronounced among tissue-associated bacteria in the small intestine after infection with T. muris or H. polygyrus ( fig. S8, F (Fig. 3E ). The addition of mucin to anaerobic cultures accelerates the growth of all three representative Clostridia strains tested, but not B. vulgatus (Fig. 3, F (Fig. 4, A and B) . In contrast, the helminth-positive Orang Asli people fall into Vehicle +50µg/ml +100µg/ml +250µg/ml +500µg/ml a second group characterized by Faecalibacterium and Prevotella (Fig. 4A) . This division between the microbiota dominance of urban and rural populations is also observed in other Asian countries (18) . To control for factors other than helminth colonization (e.g., diet), we analyzed stool samples collected from the Orang Asli before and after deworming treatment with albendazole ( fig. S9, A and B, and table S3 ). Alpha diversity of microbial communities was significantly reduced after treatment (Fig. 4F and fig. S9 , C and D). We used the linear discriminant analysis (LDA) effect size (LEfSe) algorithm to show that Clostridiales was the most significantly reduced order, whereas Bacteroidales (Prevotella) was significantly expanded after treatment (Fig. 4, C  to E, and fig. S9E ). Using the egg-burden data, we combined centered log-ratio transformation with partial least squares regression to examine within-subject changes, incorporating a repeated measures design (19) . The resulting model showed that posttreatment intraindividual changes in Trichuris trichiura egg burden are strongly associated with a small set of bacterial taxa, independent of age and gender ( Fig. 4G; fig. S10 , A to C; and table S4). Specifically, Dialister and Coprococcus are two members of the order Clostridiales that are positively associated with changes in egg burden, whereas the Bacteroidales species Prevotella and another OTU are negatively associated (Fig. 4H and fig. S10D ). Individuals without reduced egg burden did not show these microbiome changes, indicating that these findings are unlikely to be due to nonspecific effects of albendazole treatment ( fig. S10 , E to G). Overall, these data support our hypothesis that helminth infection promotes the expansion of Clostridiales communities that outcompete Bacteroidales communities, although we did not examine the T H 2 response. Finally, we applied a method [sparse inverse covariance estimation for ecological association inference (SPIEC-EASI)] for inference of microbial ecological networks (20) to publicly available human microbiome data sets consisting of healthy U.S. residents (Human Microbiome Project and American Gut Project) and pediatric IBD patients (RISK cohort) (21) (22) (23) and found that the antagonistic relationship between Clostridiales and Bacteroidales is the most consistently observed negative relationship (Fig. 4, I and J, and fig. S11 ).
In this study, Clostridiales are an example of defensive symbionts that display an antagonistic interaction with another common commensal bacteria (Bacteroidales), which we consistently observed in all human gut microbiome data sets. Bacteroidales are pathogenic only in susceptible Nod2-deficient hosts, and this competition reverses disease pathologies. Many Crohn's disease patients do not carry NOD2 variants and, hence, may not respond to helminths, which have failed in clinical trials. Helminths may be beneficial only in patients with NOD2 variants or proinflammatory Bacteroidales species. We propose that certain individuals may be more susceptible to deleterious consequences of a changing microbial environment, and an understanding of the contribution of genetic and environmental factors toward the development of inflammatory diseases is essential to devise therapeutic strategies that consider the heterogeneity of etiologies.
